Mutations in the hMSH3 gene in sporadic colon cancer with microsatellite instability (MSI) were investigated, since several mismatch repair genes were known to be mutated in cancers with MSI, but only deletions in the (A) 8 region in the hMSH3 gene have been reported. We also analyzed the relationships between hMSH3 mutations and the spectrum of MSI. We screened MSI in 79 sporadic colon cancer samples using mono-and dinucleotide repeat markers and the samples with MSI were further analyzed for tri-and tetranucleotide repeat instability and mutations in the hMSH3 gene by polymerase chain reaction-single strand conformation polymorphism (PCR-SSCP) analysis. Five (6%) out of 79 tumors were MSI-H and 15 (19%) were MSI-L. Two MSI-H tumors showed insertion in the (C) 8 region in the hMSH6 gene and one tumor showed insertion and deletion in the (A) 8 region in the hMSH3 gene, and two of the three above tumors showed MSI in triand tetranucleotide repeats. One MSI-L tumor showed somatic alteration in a 9-bp repeat sequence in hMSH3. No frameshift mutations were found in the (A) 7 and (A) 6 regions in hMSH3. Thus, we confirmed that the (A) 8 region in hMSH3 is a hot spot and mutations in the (A) 7 and (A) 6 regions in hMSH3 are not common. The hMSH3 mutation may enhance genomic instability in some colorectal cancers.
Homologs of bacterial DNA mismatch repair (MMR) proteins, MutS and MutL, have been purified in humans. A heterodimer hMutSα composed of MutS homologs, hMSH2 and hMSH6 (GTBP), recognizes single-base and one-base insertion/deletion mismatches, whereas hMutSβ composed of hMSH2 and hMSH3 recognizes 2-4 insertion/deletion mismatches. This mechanism has been shown to operate in an in vitro system, 1) a baculovirus expression system, 2) and human cells in vivo, [3] [4] [5] [6] although functional redundancy was observed between hMutSα and hMutSβ. Both heterodimers bind MutL homologs, hMLH1 and hPMS2, and each tetramer is thought to work as mismatch repair machinery. 7) Mutant MutS homologs increase microsatellite instability in yeasts, which have similar molecular mechanisms of MMR to humans. The spectrum of the instability is different between the MSH6 mutant and the MSH3 mutant; the former characteristically shows single repeat alterations, while the latter shows prominent tract instability. 8, 9) Hereditary nonpolyposis colorectal cancer (HNPCC) is a hereditary cancer syndrome characterized by microsatellite instability (MSI). The genes responsible for HNPCC were cloned and identified as the MMR genes. [10] [11] [12] [13] [14] Some sporadic cancers with MSI showed somatic mutations of the MMR genes. [15] [16] [17] The mutated MMR genes in HNPCC and these sporadic cancers are mainly the hMSH2 or hMLH1 genes. 18) Although germline mutations of hMSH3 have not been reported in HNPCC, somatic mutations of hMSH3 have been found in colorectal, stomach, pancreas, and endometrial carcinomas with MSI. 19, 20) These mutations are deletions of an A residue in the (A) 8 region in exon 7 of the hMSH3 gene. The same mutation was also found as a hot spot of somatic mutation in HNPCC patients. 21) Mutations in the (C) 8 region in the hMSH6 gene were also reported in colorectal and stomach carcinomas with MSI 19) and as somatic mutations in HNPCC. 21) Those reports suggest that mutations of hMSH3 and hMSH6 are not primary events in the tumorigenesis, and the (A) 8 region in the hMSH3 gene and the (C) 8 region in the hMSH6 gene are targets of MSI. In addition, the whole coding region of the hMSH3 gene has not been analyzed; only the (A) 8 region was analyzed in those reports. Thus, mutation search over a wider region of the hMSH3 gene is necessary to investigate the role of this gene in the tumorigenesis.
We cloned the hMSH3 gene 22, 23) and reported a polymorphism. 24) In addition, we reported that the mutation of the hMSH3 gene is associated with trinucleotide repeat instability in the coding region of the E2F-4 gene. 25) In this study, we analyzed MSI in polynucleotide repeat markers and the hMSH3 gene in sporadic colon cancer. We found somatic mutations in the (A) 8 region and somatic change in the 9-bp repeat polymorphism in the hMSH3 gene.
MATERIALS AND METHODS
Samples Genomic DNA of 79 Japanese sporadic colon cancer patients was extracted from surgically resected normal and cancer tissues of colon. These samples are the same as those that we used to examine transforming growth factor-β type II receptor (TGF-β RII) gene mutations. 26) The samples were extracted after informed consent had been obtained. MSI MSI was screened by using 3 mono-and 4 dinucleotide repeat markers. For mononucleotide repeats, BAT25, BAT26, and the (A) 10 repeat of TGF-β RII were used, and for dinucleotide repeats, DCC, D5S107, D17S261, and the (GT) 3 repeat of TGF-β RII were used, as described elsewhere. 26) Then, the MSI samples were further analyzed using 3 tri-and 2 tetranucleotide repeat markers. For trinucleotide repeat, the CAG repeat of HD (the Huntington disease gene), SADNA2, 27) and E2F-4, 28) and for tetranucleotide repeat, D17S846 29) and F13A1 30) were employed. Polymerase chain reaction (PCR) was carried out with [γ-33 P]ATP-labeled forward primer and nonlabeled reverse primer. PCR products were applied to 6% polyacrylamide gel with 7 M urea and run at 60 W for 1-3 h. The gel was dried and exposed to an X-ray film at −70°C overnight. Analysis of repeat number of A repeats in the hMSH3 gene An (A) 8 repeat in exon 7, an (A) 7 repeat in exon 22, and (A) 6 repeats in exons 13, 15, and 19 in the hMSH3 gene were analyzed in all 79 samples on 6% polyacrylamide gel electrophoresis with 7 M urea as described above with the primers used in PCR-SSCP (single strand conformation polymorphism) analysis. Analysis of repeat number of C repeat in the hMSH6 gene A (C) 8 repeat in exon 5 of the hMSH6 gene was analyzed using the same procedures as for the A repeats of the hMSH3 gene. PCR was performed as described, 19) and the MSI samples were analyzed. PCR-SSCP analysis PCR-SSCP was performed in the MSI samples using primers that amplify 24 exons based on the genomic sequence of the hMSH3 gene. 23) Whole exons except for exon 1 were amplified. In exon 1, the 3′-side of the exon, which is approximately two-thirds of the exon, was amplified. The sequences of the primers we used are available upon request. PCR was carried out with [γ-
33 P]ATP-labeled primers. PCR conditions were 94°C for 5 min for the first denaturation, then 30 cycles with 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min followed by 72°C for 5 min for the final extension. For exon 1, 5% (final concentration) dimethyl sulfoxide was added. For exon 14, the annealing temperature was 50°C. Heat-denatured PCR products were applied to 0.5× MDE gel (FMC Bioproducts, Rockland, ME) and run at 6 W for 12 h at room temperature. The gel was dried and exposed to an Xray film at −70°C for 3-5 days. Direct nucleotide sequencing Each SSCP band was cut out and eluted with water, then the eluate was re-amplified with nonlabeled primers. The PCR product was labeled using an "ABI PRISM Dye Terminator Cycle Sequencing Kit" and nucleotide sequencing was carried out with an ABI 373 autosequencer (Perkin-Elmer Corporation, Norwalk, CT).
RESULTS
Three mono-and 4 dinucleotide repeat markers were screened in 79 samples and samples were classified into MSI-H and MSI-L according to the criteria decided in "The International Workshop on Microsatellite Instability and RER Phenotypes in Cancer Detection and Familial Predisposition." 31) Since BAT25 and BAT26 coincide with the markers in the reference panel of the criteria, but the other markers we used were not in this panel, although some markers were in alternative loci in the criteria, we calculated the percentage of positive markers. The tumors that showed MSI in ≥30-40% of markers were defined as MSI-H and tumors that showed MSI in <30-40% of markers were defined as MSI-L. 31) In this study, 5 samples (6%) were defined as MSI-H, 15 samples (19%) were MSI-L, and the rest (75%) were MSS (microsatellite stable) or MSI-L. There is no clear criterion to differentiate MSI-L and MSS, so we simply defined the samples that showed MSI in <30-40% of markers as MSI-L. We assessed additional microsatellite markers that contained 3 tri-and 2 tetranucleotide repeats and the (C) 8 repeat in the hMSH6 gene in 17 MSI samples. The results on microsatellite markers are summarized in Table I . Three out of 5 MSI-H samples revealed alterations in these markers. The sample 11T that showed MSI in 6/7 (85%) of the markers revealed instability in HD and D17S846, and a heteroinsertion of a C residue in the (C) 8 repeat in hMSH6. The sample 26T that showed MSI in 5/7 (71%) of the markers revealed instability in D17S846 and insertion/deletion of an A residue in the (A) 8 repeat in hMSH3 as well as a hetero-deletion of CAG in the (CAG) 14 repeat in E2F-4, which we reported previously. 25) The sample 22T that showed MSI in 4/7 (57%) of the markers revealed a hetero-insertion of C in the (C) 8 repeat in hMSH6. In summary, only one sample (26T) showed mutations in the hMSH3 gene. No MSI-L samples showed instability in triand tetranucleotide repeat markers.
There are five adenine repeat sequences in the hMSH3 gene. The (A) 8 repeat sequence in exon 7 has been reported as a hot spot of mutation in some cancers. 19, 20) The (A) 7 repeat in exon 22 and (A) 6 repeats in exons 13, 15, and 19 have not been studied. We searched for mutation in these adenine repeat sequences in 79 colon cancer samples by electrophoresis with urea gel and SSCP analysis, but we did not find any frameshift mutations in exons 13, 15, 19, and 22. Although we had already reported a deletion of A in the (A) 8 region of exon 7 in the sample 26T, 25) we found also an insertion of A in the same region (Fig. 1) . This occurred only in the tumorous tissue, suggesting that the frameshift was somatic. These mutations cause premature termination of the encoded protein.
We had reported length polymorphisms of the 9-bp repeat sequence in exon 1 of the hMSH3 gene, which corresponds to cDNA residues 151-204. 24) In this study, a somatic alteration of the repeat number was found in the sample 63T from 6 to 7 repeats compared with 63N (Fig.  2) . This alteration occurred in the MSI-L sample, and would not change the reading frame, but was apparently cancer-specific.
DISCUSSION
MMR genes have been shown to be responsible for HNPCC and sporadic cancers with MSI, although the hMSH3 gene has not been proved a responsible gene for HNPCC. We assayed MSI in 12 markers that contain 3 mononucleotide, 4 dinucleotide, 3 trinucleotide, and 2 tetranucleotide repeats. Since hMSH3 binds to hMSH2 to constitute hMutSβ, which recognizes mainly 2-4 loop mismatches, alteration of hMSH3 function may influence instability in polynucleotide repeats, whereas defective hMSH6 function may be associated with mononucleotide instability. Previously, we reported that the hMSH3 gene mutation was closely related to E2F-4 gene instability, but was not related to other trinucleotide markers. 25) The instability of the CAG repeat in the E2F-4 gene revealed in this study was a hetero-deletion in the tumor 26T, which leads to a shorter polyserine domain that may be essential for transactivation, and may function in a dominant positive manner. 25) 
26)
b) The results of E2F-4 and 7 repeats in the (A) 8 region were previously reported. 25) In the tri-and tetranucleotide markers, numbers in parentheses show somatic change of repeat number; 1+ indicates an increase of one repeat compared with the normal tissue. In the hMSH3 and hMSH6 genes, numbers in parentheses indicate the repeat number of both alleles. ND: not determined.
We searched almost the whole coding region of the hMSH3 gene in 19 MSI samples and 5 adenine repeat sequences in 79 samples, and found both insertion and deletion of an A residue in the same cancer sample, 26T. There are reports of deletion of A, but to our knowledge, insertion has never been reported. The deletion and the insertion in the sample 26T seemed to occur on both alleles, but alternatively, and the cancer tissue may have contained two different clones. These mutations were somatic and cancer-specific because normal tissue from the same patient revealed no mutation in the hMSH3 gene. Both mutant alleles would cause premature termination of the encoded protein. Therefore, if the mutations occurred on both alleles, the truncated proteins would lose the physiological function of hMSH3. This biallelic inactivation may contribute to genomic instability in the tumor 26T. Since the frequency with which one cancer has homozygous somatic mutations should be low, the (A) 8 region seems to be the predominant target of MSI.
Malkhosyan et al. 19) reported frameshift mutations in the (A) 8 region in the hMSH3 gene and in the (C) 8 region in the hMSH6 gene. The incidence of mutation in colorectal cancer with MSI was 39% for the (A) 8 and 30% for the (C) 8 . In this study, we found mutation in the (A) 8 region in the hMSH3 gene in one patient (20%) and in the (C) 8 region in the hMSH6 gene in two patients (40%) among 5 MSI-H sporadic colon cancer patients. In HNPCC with MSI, the incidence of somatic mutations in the (A) 8 region in the hMSH3 gene was reported as 58%, while that in the (C) 8 region in the hMSH6 gene was 26%. 21) In addition, we did not find any frameshift mutations in the (A) 7 and (A) 6 regions in the hMSH3 gene, suggesting that the (A) 8 region in exon 7 is a hot spot and mutations in the other A repeats are not common.
We found another cancer-specific alteration in a 9-bp repeat sequence in the sample 63T. In this alteration, the repeat number was increased, but the reading frame was unchanged. Although the sample 63T was classified into MSI-L, it showed MSI in two out of 12 loci. We had reported length polymorphism of this 9-bp repeat sequence, 24) in which both 6 and 7 repeats were found in the normal population. Those findings indicate that this alteration of the repeat number may not change the protein function. However, this alteration may be one of the targets of genomic instability. The present study suggests that genomic instability, which results from defective mismatch repair function, may target specific repetitive sequences, namely the (A) 8 region in exon 7 and the 9-bp repeat sequence in exon 1 of the hMSH3 gene. Although we could not assess the differentiation level of the tumors and mutations of the hMSH2 and hMLH1 genes, which are the major MMR genes associated with MSI, high frequency of MSI in the MSI-H tumors suggested that MMR function is likely to be defective in these tumors. The frameshift mutations in the (A) 8 region, which is a hot spot of hMSH3 mutation, cause a truncated hMSH3 protein. The resultant mutant proteins make mismatch repair less effective, which in turn, enhances genomic instability, especially polynucleotide repeat instability as represented by E2F-4 and D17S846. This acceleration of the instability caused by "mutator mutations" of the hMSH3 gene as well as the hMSH6 gene, may be one of the important mechanisms of tumorigenesis in cancers with microsatellite instability.
